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DESCRIPTION AND FLIGHT TESTS OF AN OCULOMETER 

David B. Middleton, George J. Hurt ,  Jr., 
Marion A .  Wise, and James D. Hol t  
Langley Research Center 
SUMMARY 
A remote-sensing oculometer has  been s u c c e s s f u l l y  opera ted  during f l i g h t  
tests with an NASA experimental  Twin Otter a i r c r a f t  a t  t h e  Langley Research 
Center .  Even though t h e  oculometer was designed p r i m a r i l y  f o r  t h e  l a b o r a t o r y ,  
t hese  tes ts  demonstrated tha t  it w a s  a b l e  t o  t r a c k  t h e  p i l o t ' s  eye-point-of­
regard ( lookpo in t )  c o n s i s t e n t l y  and unobt rus ive ly  i n  t h e  f l i g h t  environment. 
S p e c i f i c a l l y ,  it w a s  demonstrated t h a t  (1 )  t h e  oculometer equipment ope ra t e s  
e f f e c t i v e l y  i n  t h e  presence of  apprec i ab le  v i b r a t i o n  and tha t  ( 2 )  t he  f l i g h t  
instrument  being monitored a t  any t i m e  can be i n s t a n t l y  determined. The 
ins tan taneous  p o s i t i o n  of t h e  lookpoin t  was determined t o  wi th in  
approximately IO. 
Data were recorded on both analog and video tape .  Enough d a t a  were 
obtained t o  i n d i c a t e  a g e n e r a l  scan p a t t e r n  and t h e  most f r equen t ly  monitored 
information during instrument  landing  s y s t e m  (ILS) landing  approaches under 
s imulated instrument  f l i g h t  r u l e s  ( I F R )  cond i t ions .  An i n s u f f i c i e n t  number of 
t es t  runs  were made during t h e  f l i g h t  program t o  suppor t  a gene ra l  s t a t i s t i c a l  
a n a l y s i s .  The video da ta  cons i s t ed  of cont inuous scenes  of t h e  a i r c r a f t ' s  
instrument  d i s p l a y  and of a superimposed white do t  ( s imula t ing  t h e  lookpoin t )  
dwell ing on an instrument  or moving from instrument  t o  instrument  as t h e  p i l o t  
monitored t h e  d i s p l a y  information during t h e  landing  approaches.  
INTRODUCTION 
A t  t h e  Langley Research Center ,  a non in t rus ive ,  eye-measuring device  
c a l l e d  an oculometer has  been used t o  measure a p i l o t ' s  look d i r e c t i o n  and t o  
determine h i s  a s s o c i a t e d  lookpoin t  during instrument  landing  system (ILS) land­
ing  approaches.  Lookpoint is defined i n  t h i s  paper as t h e  po in t  where t h e  
p i l o t ' s  i n s t an taneous  l i n e  of  s i g h t  i n t e r s e c t s  t h e  instrument  panel .  The ocu­
lometer f l i g h t  tests were made p r imar i ly  t o  demonstrate t h a t  t h e  oculometer 
equipment would ope ra t e  c o n s i s t e n t l y  and a c c u r a t e l y  under a c t u a l  f l i g h t  condi­
t i o n s  (or  a l t e r n a t e l y ,  t o  i d e n t i f y  any unexpected problems which might prevent  
use of such equipment i n  f l i g h t ) .  A secondary o b j e c t i v e  of  t h e  tes ts  was t o  
o b t a i n  eye-point-of-regard d a t a  as the  p i l o t  s h i f t e d  h i s  a t t e n t i o n  from i n s t r u ­
ment t o  instrument  during ILS landing  approach. Both o b j e c t i v e s  were accom­
p l i shed  even though t h e  f l i g h t  program w a s  abbrevia ted  and ,  f o r  t h a t  reason ,  
only a l i m i t e d  amount of  d a t a  was obta ined .  
The information cues used by a p i l o t  during t h e  approach and landing phase 
of  a i r p l a n e  f l i g h t  are not  very wel l  understood. When v i s i b i l i t y  cond i t ions  
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become marginal ,  t h e  understanding o f  cues rece ived  and processed by t h e  p i l o t  
t akes  on primary importance.  
Previous  techniques  (see ref. 1 )  f o r  determining a p i l o t ' s  look d i r e c t i o n  
have involved t h e  use  of  motion-picture  f i l m  r eco rds  and e l e c t r o - o p t i c a l  sens­
ing  devices  attached t o  t h e  p i l o t ' s  head. These systems were d i f f i c u l t  t o  
c o r r e l a t e  i n  real  t i m e  with t h e  p i l o t ' s  eye movement or look d i r e c t i o n ,  and 
wi th  a i r c r a f t  c o n t r o l  i n p u t s  and response.  
The oculometer is a non ins t rus ive  device  t h a t  does no t  r e q u i r e  mechanical 
or  e lec t r ica l  a t tachments  t o  t h e  p i l o t .  Eye lookpo in t ,  eye movement, and eye 
d e t a i l  are recorded i n  real  time simultaneously wi th  a s s o c i a t e d  a i r c r a f t  and 
s i t u a t i o n  parameters .  
The oculometer was developed f o r  t h e  Langley Research Center by t h e  
Honeywell Radiat ion Center of  Lexington, Massachuset ts .  Seve ra l  p ro to type  
oculometer conf igu ra t ions  have been b o i l t  and tested under l a b o r a t o r y  con­
d i t i o n s  (refs. 2 t o  6 ) .  One conf igu ra t ion  r e q u i r e s  t h a t  t h e  t r a n s l a t i o n a l  
movements of  t h e  p i l o t ' s  eye be  r e s t r i c t e d  t o  approximately 1-cu-in. volume. 
This  conf igu ra t ion  has  been tes ted i n  a moving-base s imula to r  a t  t h e  Langley 
Research Center .  (See r e f .  7 . )  A l a t e r  ve r s ion  of  t h e  oculometer configura­
t i o n  permi ts  freedom of  eye movement wi th in  a volume of  approximately 1 cu f t ;  
t h i s  system is a l s o  descr ibed  i n  reference 7.  The l o g i c  equa t ions  f o r  the  
oculometer are based on U.S. Customary Uni t s .  A s  a r e s u l t  o f  t h e  l a b o r a t o r y  
and s imula tor  t e s t i n g ,  i t  was concluded t h a t  an oculometer does not  d i s t r a c t  
a p i l o t  from h i s  normal r o u t i n e  and provides  u s e f u l  and v a l i d  data on eye 
movement and pup i l  diameter. 
F l i g h t  tes ts  were made w i t h  t he  I-cu-in. con f igu ra t ion :  ( 1 )  t o  a s c e r t a i n  
whether these conclus ions  remained v a l i d  i n  an a c t u a l  ins t rument  f l i g h t  r u l e s  
(IFR) landing approach s i t u a t i o n  and ( 2 )  t o  determine whether t h e  oculometer 
equipment would ope ra t e  e f f e c t i v e l y  i n  a t y p i c a l  f l i g h t  environment. Some of  
the f l i g h t  t e s t s  took place i n  cons ide rab le  turbulence  caused by t h e  onse t  of  
a l a t e  evening thunderstorm. The r e s u l t s  of  these f l i g h t  tests are repor ted  
i n  t h i s  paper .  
SYMBOLS AND DEFINITIONS 
To f a c i l i t a t e  i n t e r n a t i o n a l  usage of  t he  data p resen ted ,  dimensional 
q u a n t i t i e s  are presented  i n  both t h e  I n t e r n a t i o n a l  System of Uni t s  (SI) and i n  t 
U.S. Customary Uni t s .  The measurements and c a l c u l a t i o n s  were made i n  U.S. 
Customary Uni t s .  
a i , b i  c o e f f i c i e n t s  i n  equat ions  (Al l  and (A2),  r e s p e c t i v e l y  (i  = 1 , 2 , 3 , 4 )  
a0 ,bo cons t an t s  i n  x- and y - l i n e a r i z a t i o n  equa t ions  ( eqs .  ( A I )  and (A211 
LI,L2,L3,L4 l e n s e s  (see f i g .  2 )  
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X 9 Y  t r a n s v e r s e  and v e r t i c a l  components, r e s p e c t i v e l y ,  of eye lookpoint  
with r e s p e c t  t o  e s t ab l i shed  " n u l l  po in t"  i n  p lane  of  instrument  
pane 1 
xc 9 yc co r rec t ed  x- and y-values ,  r e s p e c t i v e l y  (see eqs .  (All  and (A211 
XTV p o s i t i o n  a l m g  TV raster l i n e  as determined by d i g i t a l  counter  
(reset t o  ze ro  a t  beginning o f  each raster l i n e )  
Yn t y p i c a l  ras ter  scan l i n e  (see f ig .  6 )  
YTV TV raster l i n e  number as determined by d i g i t a l  counter  ( reset  a t  
beginning of  each f i e l d )  
Axis systems : 
x , y  or thogonal  coord ina te s  of  s u b j e c t ' s  lookpoint  w i t h  o r i g i n  a t  
e s t a b l i s h e d  n u l l  p o i n t  
XTV,YTV d i g i t a l  coord ina te s  w i t h  o r i g i n  a t  t o p  l e f t  corner  of  monitor 
d i sp l ay ing  video s i g n a l  from e l e c t r o - o p t i c a l  sensor  u n i t  
Abbreviat ions : 
IFR instrument  f l i g h t  r u l e s  
ILS instrument  landing  system 
I R  i n f r a r e d  
MM m i d d l e  marker 
OM ou te r  marker 
RMI remote magnetic i n d i c a t o r  
TV t e  1ev ision 
V v o l t s  
f Vdc v o l t s  of  d i r ec t  c u r r e n t  
vsI v e r t i c a l  speed i n d i c a t o r  
I.\m micrometers ( m  x 10-6) 
. DESCRIPTION OF OCULOMETER SYSTEM 
The primary func t ion  of  the  oculometer is t o  measure t he  look d i r e c t i o n  
of a s u b j e c t ' s  eye without  i n t e r f e r i n g  w i t h  h i s  ass igned  a c t i v i t i e s .  Secondary 
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information such as pup i l  diameter and b l i n k  rate can a l s o  be obta ined .  The 
p r i n c i p a l  a p p l i c a t i o n  during the f l i g h t  tests was t o  i n d i c a t e  cont inuous ly  
which instrument  the  p i l o t  was observing dur ing  ILS l anding  approaches under 
s imulated IFR cond i t ions .  
The basic oculometer system c o n s i s t s  o f  a sens ing  subsystem ( e l e c t r o ­
o p t i c a l )  and a v ideo-s igna l  processor .  Addi t iona l  e l e c t r o n i c s  and o p t i c s  were 
added during t h e  f l i g h t  tests t o  a i d  t h e  oculometer ope ra to r  and t o  combine t h e  
eye data with a c l o s e d - c i r c u i t  TV view o f  t h e  p i l o t ' s  ins t rument  pane l .  These 
components are descr ibed  i n  t h e  fo l lowing  s e c t i o n s  of t h i s  paper.  
Sensing Subsystems 
The func t ion  of  the sens ing  subsystem is t o  provide s p e c i a l  i l l umina t ion  
f o r  t he  s u b j e c t ' s  eye and t o  o b t a i n  cont inuous informat ion  about  i t s  o r i e n t a ­
t i o n  ( i . e . ,  where i t  is  look ing) .  A near - inf ra red  ( I R )  i l l u m i n a t i o n  source  
and an IR-sens i t ive  TV camera are used i n  combination t o  o b t a i n  a video 
s i g n a l  conta in ing  p e r t i n e n t  de t a i l s  o f  t he  eye.  R e l a t i v e l y  high l e v e l s  of 
near - inf ra red  i l l umina t ion  cause no phys ica l  d i scomfor t  t o  t h e  eye and do no t  
cause the diameter of  t he  pup i l  t o  decrease apprec iab ly .  (If p u p i l  diameter 
cont ' racts  t o  less than 3 mm, t h e  eye movement cannot be tracked w i t h  t h e  
oculometer . 
The subsystem is housed i n  a s i n g l e  u n i t  which c o n t a i n s  t h e  i l l umina t ion  
source ,  t he  TV camera, and s u i t a b l e  i l l u m i n a t i o n  and c o l l e c t i o n  o p t i c s .  Fig­
u r e  1 is a photograph of t h e  sens ing  u n i t  wi th  i t s  covers  removed. A diagram 
of  t h e  arrangement of  the  components i n  t h i s  u n i t  is shown i n  f i g u r e  2 .  A 
100-watt tungs ten  lamp is t h e  i l l umina t ion  source ,  and f i l t e r s  i n  t h e  o p t i c a l  
pa th  r e s t r i c t  t he  t r ansmi t t ed  l i g h t  t o  a 0.8- t o  0.9-pm bandwidth. Lenses L 3  
and L 4  then co l l ima te  t h e  nea r - inv i s ib l e  l i g h t  i n t o  a c i r c u l a r  beam which 
appears  t o  t h e  s u b j e c t  as a d u l l  red glow and does not  i n t e r f e r e  with h i s  nor­
m a l  v i s i o n .  In  f a c t ,  t he  s u b j e c t  is  u s u a l l y  unaware of t h i s  l i g h t  un le s s  he 
looks  d i r e c t l y  a t  t he  f ixed  mir ror  where he sees a "round r e d  d i sk . "  The I R  
beam has uniform i n t e n s i t y  over a c ros s - sec t iona l  area of  approximately 
6.45 c m 2  ( 1  i n2 )  a t  t he  p i l o t ' s  eye.  The image of t h e  eye remains i n  focus  
f o r  a t r a n s l a t i o n a l  depth of approximately 2.54 cm ( 1  i n . )  a long  t h e  o p t i c a l  
pa th .  Thus, an e f f e c t i v e  volume of 1 cubic  inch is def ined  as the o p e r a t i o n a l  
"eyespace" f o r  t h i s  oculometer.  T h i s  eyespace volume is  a compromise provid ing  
s u f f i c i e n t  r e s o l u t i o n  a t  the  sensor  while  a t  t h e  same time al lowing s l i g h t  head 
movements. A beam s p l i t t e r  (see f i g .  2 )  is  used t o  combine t h e  i l l umina t ion  
and c o l l e c t i o n  o p t i c a l  p a t h s .  Thus, when t h e  eye is  loca ted  wi th in  the  i l l umi ­
na t ion  beam, i t s  enhanced image is focused onto t h e  f a c e  of  t h e  v id icon  tube  
i n  the  camera. Addi t iona l  de t a i l s  of t he  sens ing  subsystem are descr ibed  i n  
r e fe rence  2 .  
The TV camera i n  the  sens ing  u n i t  is a se l f - con ta ined ,  525 l i n e - r a t e  
camera with a s i l i con-mat r ix  v id icon  tube .  The s i l i con -ma t r ix  tube  is  essen­
t i a l  t o  t h e  oculometer sens ing  u n i t ;  i t s  maximum response is i n  t h e  near-
i n f r a r e d  reg ion .  The tube  is  e f f i c i e n t  i n  low ambient l i g h t  l e v e l s ;  i t  is 
s t r u c t u r a l l y  rugged and is not  r e a d i l y  damaged by high ambient l i g h t  l e v e l s .  
An a d d i t i o n a l  advantage of  t h i s  525 l i n e - r a t e  camera is its compa t ib i l i t y  with 
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r e a d i l y  a v a i l a b l e  TV equipment such as c losed -c i r cu i t  monitors ,  r e c o r d e r s ,  and 
s igna l -condi t ion ing  equipment. 
The basis f o r  t h e  oculometer d a t a  is t h e  output  video s i g n a l  from t h e  TV 
camera i n  t h e  sens ing  u n i t .  During t h e  f l i g h t  tes ts ,  t h i s  s i g n a l  ( 1 )  w a s  
recorded d i r e c t l y  f o r  p o s t f l i g h t  a n a l y s i s ,  (2)  w a s  used as t h e  data inpu t  t o  
a s i g n a l  p rocesso r ,  and ( 3 )  w a s  d i sp layed  on a TV monitor.  The d isp layed  sig­
n a l  appeared as a b r i g h t  d i s k  ( p u p i l )  wi th  a superimposed small b r i g h t  spo t  
( r e f l e c t i o n  of  l i g h t  s o u r c e ) . a s  shown i n  f i g u r e  3 .  By d i sp lay ing  t h e  s i g n a l  
on t h i s  monitor ,  t h e  oculometer ope ra to r  could v i s u a l l y  determine where t h e  
p i l o t ' s  eye was wi th in  t h e  eyespace.  When t h e  p i l o t ' s  eye w a s  no t  approxi­
mately cen te red ,  t h e  ope ra to r  could i n s t r u c t  t h e  p i l o t ,  by way of  t h e  intercom, 
which way t o  move h i s  head t o  r e t u r n  h i s  eye t o  t h e  approximate c e n t e r  of  t h e  
eyespace.  Very few c o r r e c t i o n s ,  however, were r equ i r ed  during t h e  f l i g h t  
tests. 
P r i n c i p l e  of  Operation 
When a s u b j e c t ' s  eye is wi th in  t h e  eyespace,  it is i l l umina ted  uniformly 
by the  I R  beam. Some of t h e  r a y s  e n t e r  t h e  eye  through the p u p i l ,  and some 
are r e f l e c t e d  by t h e  cornea.  The r ays  e n t e r i n g  t h e  eye are r e f l e c t e d  frcm t h e  
r e t i n a ,  e f f e c t i v e l y  back l igh t ing  t h e  pup i l  so  i t s  image appears  as a b r i g h t  
d i s k  on t h e  TV tube .  On t h e  o t h e r  hand, t h e  r a y s  r e f l e c t e d  by t h e  cornea pro­
duce a v i r t u a l  image o f  t h e  i l l umina t ion  source loca ted  halfway between t h e  
ve r t ex  and t h e  c e n t e r  of  cu rva tu re  of t h e  cornea.  The image appears as a 
small b r i g h t  spot  ( h e r e i n a f t e r  c a l l e d  l lcorneal  r e f l e c t i o n " )  as i l l u s t r a t e d  i n  
f i g u r e  4 .  F igure  4 a l s o  shows t h e  r e l a t i v e  p o s i t i o n  of  t h e  co rnea l  r e f l e c t i o n  
with r e s p e c t  t o  t h e  p u p i l  f o r  s e v e r a l  t y p i c a l  eye p o s i t i o n s .  
The bas i c  measurement made by an oculometer is t h e  displacement  of t h e  
co rnea l  r e f l e c t i o n  r e l a t i v e  t o  the  center .  of t h e  pup i l .  A l l  t h e  information 
requi red  f o r  t h i s  measurement is  contained i n  t h e  video s i g n a l  from t h e  sens ing  
u n i t .  Adjust ing t h e  blanking l e v e l  of  t he  TV camera can e l imina te  a l l  eye 
de t a i l s  except  t h e  "b r igh t  pupil11 and t h e  cornea l  r e f l e c t i o n  from t h e  video 
s i g n a l .  (See f i g .  3 . )  Low c o n t r a s t  areas such as f a c i a l  s k i n ,  i r i s ,  and 
sclera (white  of t h e  e y e )  are thus  blanked o u t ,  and t h e  co rnea l  r e f l e c t i o n  
a p p e a r s  b r i g h t e r - t h a n  t h e  p u p i l .  The video s i g n a l  goes t o  a s i g n a l  processor  
which makes t h e  measurement j u s t  mentioned. 
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Video-Signal Processor  
I The s i g n a l  processor  c o n s i s t s  of  a commercially a v a i l a b l e  minicomputer 
with two s p e c i a l i z e d  i n t e r f a c e  c i r c u i t  boards.  A photograph of  t h i s  u n i t  is 
shown i n  f i g u r e  5. The minicomputer has  a memory c a p a b i l i t y  o f  16 000 s ix t een -
b i t  words. A t e l e t y p e  keyboard wi th  a papertape punch and reader is  used t o  
load t h e  oculometer program i n t o  memory and t o  communicate wi th  t h e  minicom­
p u t e r .  The t e l e t y p e  uni t  is no t  necessary  f o r  ope ra t ion  of  t h e  oculometer 
a f t e r  i n i t i a l  s e tup .  (It w a s  not  carried onboard t h e  a i r c ra f t  during t h e  
f l i g h t  tes ts .  
5 

The upper h a l f  of f i g u r e  6 is an enlargement o f  t h e  eye de t a i l  from f ig­
u r e  3. The h o r i z o n t a l  l i n e  Yn is  a t y p i c a l  raster l i n e  which i n t e r s e c t s  both 
t h e  pup i l  and the  c o r n e a l  r e f l e c t i o n .  Below t h e  photograph, a s i g n a l  propor­
t i o n a l  t o  t h e  l i g h t  i n t e n s i t y  a long  Yn is shown. The ab rup t  changes i n  
s i g n a l  l e v e l  occur  a t  t h e  edges o f  t h e  p u p i l  and t h e  c o r n e a l - r e f l e c t i o n  images 
( i . e . ,  a t  "boundary po in t s "  A ,  B, C ,  and D). The boundary p o i n t s  are detected 
i n  the i n t e r f a c e  s e c t i o n  o f  t h e  s i g n a l  processor  by comparing t h e  l i g h t  l e v e l  
wi th  f ixed  th re sho ld  l e v e l s .  
The coord ina te s  ( X T V , Y T V )  of t h e  boundary p o i n t s  f o r  every raster l i n e  
i n t e r s e c t i n g  t h e  pup i l  and/or  c o r n e a l - r e f l e c t i o n  images are determined by t h e  
i n t e r f a c e  s e c t i o n .  The YTV-coordinate is simply the  TV scan l i n e  number ,
obta ined  from a counter  which is reset  t o  z e r o  a t  t h e  beginning of  each f i e l d .  
The XTV-coordinate f o r  each poin t  is obtained from a second counter  which is 
s ta r ted  a t  t h e  beginning of  each scan l i n e .  (The x-counter measures p o s i t i o n  
along t h e  raster l i n e  as a func t ion  of  time.) The coord ina te s  are then con­
ve r t ed  t o  10-bit  d i g i t a l  words which are w r i t t e n  i n t o  t h e  memory o f  t h e  
minicomputer. 
The minicomputer c a l c u l a t e s  t h e  X~v,YTv-coordinates  of  t h e  c e n t e r  o f  t h e  
p u p i l  and t h e  c e n t e r  of the co rnea l  r e f l e c t i o n ,  t h e i r  r e l a t i v e  displacement ,  
and t h e  diameter of  the p u p i l .  (Pup i l  d iameter  was recorded but  no t  analyzed 
i n  t h i s  s tudy . )  The azimuth and e l e v a t i o n  ang le s  o f  a s u b j e c t ' s  l i n e  o f  s i g h t  
and t h e  X,Y-coordinates of  h i s  lookpoin t  on t h e  ins t rument  pane l  are c a l c u l a t e d  
from t h e  XTV,YTV-coordinates. 
The lookpoin t  is a func t ion  of  the  azimuth and e l e v a t i o n  ang le  o f  t he  
s u b j e c t ' s  i n s t an taneous  l i n e  of s i g h t  wi th  r e s p e c t  t o  a s e l e c t e d  ze ro  r e fe rence  
p o i n t  (referred t o  i n  t h i s  paper as "nu l l  po in t " )  on t h e  ins t rument  pane l .  The 
azimuth and e l e v a t i o n  ang le s  a r e  i n  t u r n  p r o p o r t i o n a l  t o  the measured r e l a t i v e  
displacements  of  co rnea l  r e f l e c t i o n  and of t he  c e n t e r  of t h e  p u p i l .  The s i g n a l  
processor  has  fou r  output  channels .  Three channels  are analog s i g n a l s  wi th  a 
range of  k5 Vdc, and t h e  f o u r t h  channel is  a l o g i c  vo l t age  ( t r ack /no - t r ack  
s i g n a l )  t e l l i n g  whether the eye is i n  or ou t  of  t r a c k .  One of  t h e  analog 
channels  ou tpu t s  a vo l t age  p ropor t iona l  t o  the p u p i l  d iameter ,  and t h e  o t h e r  
two analog channels  g i v e  vo l t ages  p ropor t iona l  t o  t h e  x- and y-components of  
t h e  s u b j e c t ' s  lookpoin t  on t h e  instrument  pane l .  For  t h i s  s tudy ,  t h e  f o u r  
output  s i g n a l s  were recorded on an onboard a i rcraf t  in s t rumen ta t ion  r eco rde r .  
Three of t h e  output  s i g n a l s  were a l s o  used f o r  i n p u t s  t o  a scan conve r t e r  
descr ibed l a t e r .  . 
P e r i p h e r a l  E l e c t r o n i c s  and Op t i c s  
A scan conver te r  is  t i e d  i n  w i t h  t h e  basic oculometer t o  combine t h e  video 
s i g n a l  from a second TV camera w i t h  a p a i r  of  analog s i g n a l s .  The r e s u l t  is 
a video scene with a superimposed e l e c t r o n i c  do t  which moves w i t h  r e s p e c t  t o  
t he  video scene.  The do t  is synthes ized  from t h e  x- and y-components o f  t h e  
lookpoin t .  The scan conve r t e r  and a second TV camera were used i n  t h e  p re sen t  
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study t o  gene ra t e  an annota ted  TV scene c o n s i s t i n g  o f  t h e  s imulated lookpoint  
( v i z ,  t he  do t )  superimposed on a video scene of  t h e  instrument  panel .  
The scan conver te r  a l s o  has  p rov i s ions  f o r  a blanking inpu t  s i g n a l  and a 
memory f e a t u r e .  The blanking feature a l lows  t h e  e l e c t r o n i c  dot  t o  be e l i m i ­
nated from t h e  scene under c e r t a i n  cond i t ions .  For example, i n  t h e  p re sen t  
s tudy when t h e  t rack/no- t rack  s i g n a l  from t h e  s i g n a l  processor  w a s  used as t h e  
blanking i n p u t ,  t h e  ope ra to r  (watching a TV monitor)  w a s  a b l e  t o  t e l l  t h a t  t h e  
p i l o t ' s  eye was not  being t racked  when t h e  dot  disappeared from t h e  annotated 
scene.  (Without such a blanking f e a t u r e ,  an ope ra to r  might t h ink  t h a t  a sub­
ject  was staring a t  one s p o t  on t h e  instrument  panel  when, i n  f a c t ,  h i s  eye 
was "out of  t r ack . " )  The memory f e a t u r e  on the  scan conver te r  is  similar t o  
t h a t  of  a s to rage  o s c i l l o s c o p e  ( o r  "Memoscope"). When i n  t h e  "s torage  mode," 
t h e  dot  traces ou t  t h e  s u b j e c t ' s  scan p a t t e r n  as shown by t h e  example on t h e  
monitor i n  f i g u r e  7. The oculometer ope ra to r  can erase t h e  p a t t e r n  as o f t e n  
as des i r ed .  
The only output  from t h e  scan conver te r  is  an annota ted  video s i g n a l  which 
is recorded on video t a p e .  With t h e  memory f e a t u r e  i n a c t i v e ,  t h e  record ing  
shows t h e  dot  moving from instrument  t o  instrument  as t h e  s u b j e c t  s cans  t h e  
instrument  panel .  However, wi th  t h e  memory f e a t u r e  a c t i v e ,  scan p a t t e r n s  such 
as those  shown i n  f i g u r e  7 can be recorded as they are being genera ted .  
SYSTEM PERFORMANCE 
The p resen t  t r a c k i n g  range of  t h e  oculometer covers  a viewing f i e l d  of  
+30° i n  azimuth and - IOo  t o  +30° v e r t i c a l l y  ( re ferenced  t o  t h e  p i l o t ' s  l i n e  of  
s i g h t  t o  t h e  f ixed  m i r r o r ) .  Laboratory tes ts  have ind ica t ed  ( r e f .  5 )  t h a t  t h e  
average e r r o r  i n  t r a c k i n g  a s u b j e c t ' s  eye wi th in  t h i s  f i e l d  is  less than lo .  
The average e r r o r  i n  t r a c k i n g  t h e  p i l o t ' s  eye during t h e  p re sen t  f l i g h t  tes ts  
was c a l c u l a t e d  t o  be 1.02O over  t h e  f i e l d  spanned by t h e  17 t es t  p o i n t s  used 
f o r  t h e  l i n e a r i z a t i o n  p rocess .  (See appendix.)  However, t h e  average e r r o r  
f o r  t he  11 p o i n t s  t h a t  covered only the  f l i gh t - in s t rumen t  area (excluding t h e  
c lock )  was 0 . 9 3 O  ( t h e  largest  e r r o r s  were on t h e  l e f t  s i d e  of t h e  panel  beyond 
t h e  instrument  area).  A l o  e r r o r  corresponds t o  approximately a 1.27-cm 
( I /Z- in . )  lookpoin t  e r r o r .  
DESCRIPTION OF TEST AIRCRAFT 
* 
The a i r p l a n e  used f o r  t h i s  test w a s  an NASA experimental. Twin Otter which 
is  a f ixed  gear, high-wing monoplane powered by two s ing le - s t age ,  free-power 
t u r b i n e  engines .  The a i r p l a n e  is shown i n  f i g u r e  8. The Twin Otter is a 
passenger/cargo a i r p l a n e  which carries a p i l o t ,  c o p i l o t ,  and up t o  19 passen­
gers. The a i r p l a n e  has  a w i n g  span of 19.81 m (65 f t )  and a fuse l age  l e n g t h  
of 15.77 m (51 -75 f t ) .  The maximum take-off weight is 5252.23 kg (11 579 l.b) 
and t h e  maximum landing  weight is 5171.04 kg (11 400 l b ) .  Take-off speed is  
approximately 65 kno t s ,  normal c r u i s e  is 130 t o  150 kno t s ,  and t h e  landing  




Equipment c o n s t r a i n t s  d i c t a t e d  t h a t  t h e  c o p i l o t  s i d e  o f  t h e  cockp i t  be 
used f o r  t hese  tes ts .  The f l i g h t  ins t ruments  on t h e  c o p i l o t  pane l  cons i s t ed  
of  t h e  n ine  ins t ruments  shown i n  f i g u r e  9 .  
I n s t a l l a t i o n  of  t h e  oculometer components i n  t h e  Twin Otter d i d  no t  
r e q u i r e  any major modi f ica t ion  of  t h e  a i r p l a n e  o r  f u n c t i o n a l  changes t o  t h e  
oculometer i t se l f .  The sens ing  u n i t  of t h e  oculometer w a s  secured t o  t h e  f l o o r  
between t h e  c o p i l o t  seat and t h e  rudder  p e d e s t a l  pos t .  (See f ig .  10.) The 
uni t  as i n s t a l l e d  d i d  not  i n t e r f e r e  p h y s i c a l l y  wi th  t h e  c o p i l o t  o r  wi th  h i s  
u se  of  t h e  rudder peda ls .  The f i x e d  mi r ro r  was a t t ached  t o  t h e . s e n s i n g  u n i t  
r a t h e r  than t o  t h e  instrument  pane l  i n  o rde r  t o  minimize v i b r a t i o n  d i f f e r e n c e s  
between t h e  sens ing  un i t  i l l umina t ion  source  and t h e  mi r ro r .  A head res t  (two 
pads shown above t h e  c o p i l o t  seat)  served as a phys ica l  po in t  o f  r e fe rence  f o r  
t he  p i l o t  r a t h e r  than as a head r e s t r a i n t .  When t h e  p i l o t  maintained an 
approximate head c o n t a c t  with t h e  h e a d r e s t ,  h i s  eye would be i n  o r  very  near  
t h e  designated eyespace.  A TV camera was mounted i n  t h e  cockp i t  doorway t o  
provide a view of  t h e  instrument  panel .  This  camera view ( i . e . ,  video s i g n a l )  
was used as an inpu t  t o  t h e  scan conver te r  f o r  t h e  composite scene as shown i n  
f i g u r e  7 .  The instrument  pane l  as seen from t h e  approximate l o c a t i o n  o f  t h i s  
TV camera is shown i n  f i g u r e  11  . 
(I 
The remainder of  t he  oculometer and TV equipment r equ i r ed  f o r  t h e  f l i g h t  
tes ts  was loca ted  i n  t h e  passenger compartment as shown i n  f i g u r e  12. The 
components were f a s t ened  t o  a shock-mounted p a l l e t  which was a t t ached  t o  t h e  
holddown p o i n t s  normally used f o r  t h e  passenger  seats. The components con­
s i s t e d  of two 9-in.  TV monitors ,  a camera c o n t r o l  u n i t  f o r  t h e  TV camera 
mounted i n  t h e  doorway, a scan conve r t e r ,  t h e  s i g n a l  process ing  u n i t ,  a s soc i ­
a t e d  e l e c t r o n i c s ,  and a video-tape r eco rde r .  The oculometer o p e r a t o r ' s  seat  
was loca ted  immediately t o  the  rear of  t h e  video tape r eco rde r  and faced  t h e  
9- in .  TV monitors .  From t h i s  p o s i t i o n ,  t h e  oculometer ope ra to r  could monitor 
t he  p i l o t ' s  eye p o s i t i o n  r e l a t i v e  t o  t h e  des igna ted  eyespace.  
A 110-V, 60-cycle r o t a r y  i n v e r t e r  (d r iven  by one of t h e  a i r p l a n e ' s  
100-ampere dc gene ra to r s )  was added t o  supply power f o r  t h e  oculometer compo­
nen t s .  The i n v e r t e r  was loca ted  i n  the  rear s e c t i o n  of  t h e  a i r p l a n e .  The 
t o t a l  equipment weight (oculometer , cameras, r e c o r d e r s ,  and i n v e r t e r )  added t o  
t h e  a i r c r a f t  f o r  t hese  tes ts  was approximately 145.15 kg (320 l b ) .  
The tes t  a i r c r a f t  was chosen f o r  t h e  oculometer f l i g h t  t es t  because i t  $ 
a l r eady  contained ins t rumenta t ion  t o  sense and record a v a r i e t y  of  f l i g h t  
parameters .  The oculometer s i g n a l s  were recorded on t h i s  system toge the r  wi th  
t h e  f l i g h t  parameters. Thus, da t a  f o r  p i l o t  eye p o s i t i o n  can be c o r r e l a t e d  
with the  a i r p l a n e  s i t u a t i o n  and the  c o n t r o l  data.  The ins t rumenta t ion  is  shown 
i n  the  lower r i g h t  corner  of  f i g u r e  12. 
TESTS AND RESULTS 
P r i o r  t o  t h e  data f l i g h t s ,  t h e  engines  of t h e  a i r c r a f t  were run up t o  





v i b r a t i o n a l  environment (much more seve re  than subsequent ly  experienced i n  t h e  
f l i g h t  t e s t s ) .  A s u b j e c t ' s  eye w a s  t racked  s u c c e s s f u l l y  dur ing  t h i s  e x e r c i s e ,  
a l though t h e r e  was a n o t i c e a b l e  j i t t e r  i n  t h e  video output  s i g n a l  from t h e  
e l e c t r o - o p t i c a l  sensor  u n i t .  (Th i s  w a s  caused p a r t l y  by equipment v i b r a t i o n ,  
predominately i n  t h e  v e r t i c a l  a x i s  o f  t h e  f i x e d  m i r r o r ,  and p a r t l y  by v ibra­
t i o n s  of  t h e  s u b j e c t ' s  head wi th  r e s p e c t  t o  t h e  sens ing  u n i t . )  The ampli tude 
of  t he  j i t t e r  w a s  es t imated  t o  be a maximum of  0 . 5 O  peak-to-peak i n  t h e  output  
s i g n a l  of  t h e  s i g n a l  processor .  Next, a s u c c e s s f u l  shakedown f l i g h t  was made 
t o  v e r i f y  ope ra t ion  of  t h e  equipment i n  f l i g h t  and e s p e c i a l l y  t o  v e r i f y  sue­
c e s s f u l  ope ra t ion  during t h e  touchdown. 
Two data f l i g h t s  were made. Each data f l i g h t  cons i s t ed  of  a series of  
n ight t ime I L S  landing  approaches a t  Langley A i r  Force Base under s imulated IFR 
cond i t ions .  Five of  t hese  approaches provided usab le  d a t a .  A p r o f i l e  of a 
t y p i c a l  ILS l anding  approach a t  Langley A i r  Force Base is shown i n  ske tch  ( a ) .  
,-Intercept 
guide s lope  
457.2 m 
(1500 f t )  
OM MM 
Sketch ( a >  
Two p i l o t s  were used on each data f l i g h t .  A " s a f e t y  p i l o t "  f l e w  t h e  land­
ing  p a t t e r n s  and maneuvered t h e  a i rcraf t  i n t o  t h e  v i c i n i t y  o f  t h e  l o c a l i z e r  
about 18.52 km ( I O  n .  m i . )  ou t .  Here, t h e  "oculometer p i lo t ' '  assumed c o n t r o l ;  
he acquired t h e  l o c a l i z e r  and set  up a slow descent  t o  t h e  o u t e r  marker (OM)  
where he acquired t h e  2 .751~g l i d e  s l o p e ,  and cont inued t o  t h e  middle  marker 
( M M ) .  The a i rcraf t  reached t h e  61-m (200-f t )  a l t i t u d e  minimum near  t h e  m i d d l e  
marker where t h e  s a f e t y  p i l o t  reassumed c o n t r o l  and executed a go-around. 
I n  g e n e r a l ,  data were recorded only dur ing  t h e  p r o f i l e  segment from OM 
t o  MM. Oculometer s i g n a l s  were recorded on both video t ape  and on t h e  test  
a i rcraf t ' s  s p e c i a l  onboard ins t rumenta t ion  r eco rde r .  (See f i g .  12 . )  The 
s i g n a l s  recorded on t h i s  magnetic t ape  system were t h e  f o u r  ou tpu t s  from t h e  
oculometer 's  s i g n a l  processor  u n i t .  (See f ig .  5.)  A number of  a i rcraf t  
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parameters  were a l s o  s imultaneously recorded on the  magnetic t a p e  f o r  cor­
r e l a t i o n  t o  t h e  oculometer data. Two types  o f  v ideo  r eco rd ings  were made: 
( 1 )  a llraw" video s i g n a l  from the oculometer ' s  e l e c t r o - o p t i c a l  u n i t  and ( 2 )  a 
video composite c o n s i s t i n g  o f  t h e  synthes ized  x- and y-components ( v i z ,  an 
" e l e c t r o n i c  dot" )  of  the p i l o t ' s  look d i r e c t i o n  superimposed on a l i v e  view 
of  h i s  instrument  pane l  ob ta ined  from a second TV camera. Thus, a viewer o f  
t h e  composite p i c t u r e  can watch t h e  rrdotlrt r a v e l  from instrument  t o  instrument  
as it traces out  the p i l o t l s  scan p a t t e r n  i n  real  time. The viewer can a l s o  
fol low the  progress  o f  the I L S  approach by monitor ing the  a i rcraf t  ins t ruments  
and by l i s t e n i n g  t o  the  vo ice  channel t i e d  i n t o  t h e  a i rc raf t ' s  intercom system. 
A pre l iminary  look a t  the magnetic t ape  data (played back on a s t r i p  chart 
r eco rde r )  and a review o f  t h e  v ideo  t apes  showed c l e a r l y  t h a t  t h e  oculometer 
had tracked the  p i l o t ' s  eye movement s a t i s f a c t o r i l y  a n d - t h a t  data were success­
f u l l y  recorded.  The p i l o t  stated t h a t  t h e  cockp i t  components of  t h e  oculometer 
d i d  not  i n t e r f e r e  w i t h  t he  f l i g h t  s i t u a t i o n .  The j i t t e r  i n  t h e  oculometer out­
put s i g n a l s  was more than had been experienced i n  t he  l a b o r a t o r y  but  less  than 
t h e  0 . 5 O  amplitude observed i n  t h e  system checkout during ground runup of  t h e  
a i r p l a n e  engines .  T h i s  j i t t e r  caused no problem i n  determining t h e  p a r t i c u l a r  
instrument  being monitored a t  any given time. The in s t an taneous  lookpoint  on 
the  f a c e  of  an ins t rument  was determined t o  wi th in  approximately l o  or  about 
1.27 c m  (0 .5  i n . ) .  
Next, t h e  x- and y-output s i g n a l s  were analyzed t o  o b t a i n  dwel l  times on 
and t r a n s i t i o n s  among the s i x  most used f l i g h t  ins t ruments  during t h e  landing  
approaches.  Resu l t s  f o r  the  first approach of  t h e  test ser ies  on t h e  second 
f l i g h t  are shown i n  table  I. The instrument  names appear  i n  the  same o rde r  
i n  t h e  row and column headings;  t h u s ,  each ins t rument  name i n t e r s e c t s  i t se l f  
along t h e  t a b l e  d iagonal .  Data e n t r i e s  a long t h i s  d iagonal  are pe rcen t s  of  
t o t a l  t r ack ing  time (157 s e c )  spen t  observing t h e  r e s p e c t i v e  ins t ruments .  
Off-diagonal e n t r i e s  are the number of  one-way t r a n s i t i o n s  between t h e  va r ious  
ins t ruments .  Mean d w e l l  times pe r  obse rva t ion  (and s tandard  dev ia t ion )  f o r  
each instrument  are l i s t e d  a t  t he  bottom of  t h e  a p p r o p r i a t e  column. 
The data show t h a t  t he  p i l o t  spen t  over two-thirds  of  t h e  t es t  time moni­
t o r i n g  the  I L S  instrument  and t h a t  each observa t ion  was u s u a l l y  longer  than 
1 sec. Only a modest amount of time ( 3  t o  5 pe rcen t )  w a s  spen t  monitor ing air­
speed ,  a t t i t u d e ,  and a l t i t u d e ,  r e s p e c t i v e l y ,  and very  l i t t l e  time was spent  on 
t h e  RMI and VSI. To ta l  t i m e  on ins t ruments  adds  up t o  approximately 82 pe rcen t ;  
the remaining 18 percent  involves  t r a n s i t i o n  time between ins t ruments  o r  time 
g lanc ing  a t  switches and t h e  s a f e t y  p i l o t .  T h i s  same g e n e r a l  t r end  h e l d  f o r  .subsequent approaches al though t h e  percentages  va r i ed  somewhat. 
The number of  t r a n s i t i o n s  between any two ins t ruments  can be  determined 
from table  I as fo l lows:  se lect  t h e  "from" ins t rument  from t h e  row headings 
and fo l low t h i s  row a c r o s s  t o  t h e  column of  t h e  d e s i r e d  rrto'l ins t rument ;  the  
number of  one-way t r a n s i t i o n s  is  l i s t e d  a t  t h e  i n t e r s e c t i o n .  The number of  
t r a n s i t i o n s  i n  t h e  oppos i t e  d i r e c t i o n  is obta ined  by in te rchanging  the  labels  
of the rt toll  and "from1' ins t ruments  and r e p e a t i n g  the process .  For example, t h e  
number of  t r a n s i t i o n s  from t h e  I L S  t o  t h e  alt imeter is l i s t e d  as 7 ,  and the  
number o f  r e t u r n s  was 14 .  
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Although t h e  p i l o t  was no t  accustomed t o  f l y i n g  s imulated IFR approaches 
i n  t h i s  a i rcraf t  ( e s p e c i a l l y  from t h e  right-hand s e a t ) ,  t h i s  u n f a m i l i a r i t y  had 
no effect  on accomplishing the  primary o b j e c t i v e  of  t h e  mission.  (The c o p i l o t  
panel i n  t h e  test a i r p l a n e  had t h e  requi red  ins t ruments  f o r  making an ILS 
approach.)  The va lues  i n  t a b l e  I g e n e r a l l y  agree wi th  those  obtained on a 
s imula tor  f o r  o t h e r  a i rcraf t  (e .g . ,  see ref .  61, and t h u s ,  o f f e r  f u r t h e r  ev i ­
dence t h a t  t h e  oculometer and a l l  record ing  equipment were func t ion ing  satis­
f a c t o r i l y  during t h e  f l i g h t  tes ts .  
CONCLUDING REMARKS 
A remote-sensing oculometer has  been s u c c e s s f u l l y  opera ted  during f l i g h t  
tes ts  us ing  an NASA experimental  Twin Otter a i r c r a f t .  Although t h e  f l i g h t  
program was abbrev ia t ed ,  a l l  o b j e c t i v e s  of t h e  program were accomplished. The 
oculometer was a b l e  t o  t r a c k  t h e  p i l o t ' s  eye-point-of-regard ( lookpo in t )  con­
s i s t e n t l y  and unobt rus ive ly  i n  t h e  f l i g h t  environment. It was demonstrated 
t h a t  t h e  equipment ope ra t e s  e f f e c t i v e l y  i n  t h e  presence of  apprec i ab le  v ibra­
t i o n  and t h a t  t he  f l i g h t  instrument  being monitored by t h e  p i l o t  a t  any i n s t a n t  
can be i d e n t i f i e d .  
Enough da ta  were obtained t o  i n d i c a t e  a gene ra l  scan  p a t t e r n  and t h e  
instrument  information most f r equen t ly  monitored by the  p i l o t  during t h e  
instrument  landing  system landing  approaches.  The in s t an taneous  lookpoin t  
on t h e  face of  an instrument  w a s  determined t o  wi th in  approximately 1.27 c m  
(0 .5  i n . ) ,  a measurement which corresponds t o  a look d i r e c t i o n  of  about l.Oo. 
These d a t a  were i n  agreement wi th  t h e  va lues  obtained wi th  t h e  oculometer 
dur ing  a similar p i l o t i n g  t a s k  on a s imula to r .  
Langley Research Center 

National  Aeronaut ics  and Space Adminis t ra t ion 

Hampton, VA 23665 






CALIBRATION AND L I N E A R I Z A T I O N  
Accessory r o u t i n e s  i n  t h e  minicomputer program provide semiautomatic pro­
cedures  f o r  t h e  c a l i b r a t i o n  and l i n e a r i z a t i o n  of  t h e  output  s i g n a l s .  These 
procedures  must be performed f o r  each s u b j e c t  because of  d i f f e r e n c e s  i n  eye 
c h a r a c t e r i s t i c s .  I n  f ac t ,  t h e  output  s i g n a l s  f o r  t h e  l e f t  and r i g h t  eyes  of  
any given s u b j e c t  may d i f f e r  s i g n i f i c a n t l y  because of  a d i f f e r e n c e  i n  t h e  
i n d i v i d u a l ' s  eye geometry. 
The c a l i b r a t i o n  process  f o r  t h i s  s tudy  had t h e  p i l o t  f i x a t e  i n  t u r n  on 
t h r e e  s e l e c t e d  p o i n t s  on t h e  instrument  pane l .  A p o i n t  on t h e  instrument  pane l  
was selected as t h e  n u l l  po in t  which then became t h e  o r i g i n  of  t h e  X,Y-axis 
system. This  p o i n t  w a s  a t  t h e  approximate c e n t e r  of  t h e  turn-and-sl ip  ind i ­
c a t o r .  This  s e l e c t i o n ,  a l though a r b i t r a r y ,  convenient ly  e s t a b l i s h e d  a n u l l  
p o i n t  which was c l o s e  t o  t h e  o p t i c a l  pa th  between t h e  eye and t h e  sens ing  u n i t .  
Next, an x -ca l ib ra t ion  po in t  was s e l e c t e d  about  20° t o  t h e  r i g h t  ( o r  t o  the  
l e f t )  of t h e  n u l l  p o i n t ,  and a y - c a l i b r a t i o n  p o i n t  was e s t a b l i s h e d  about  20° 
above the  n u l l  p o i n t .  For convenience,  t h e s e  two p o i n t s  were loca ted  on 
t h e  X- and Y-axes, r e s p e c t i v e l y .  The coord ina te s  of  a l l  t h r e e  p o i n t s  were 
en tered  i n t o  t h e  memory of t h e  minicomputer t oge the r  wi th  a des i r ed  output  
vo l tage  f o r  each. The minicomputer was then placed i n  t h e  " c a l i b r a t i o n  mode," 
and the  p i l o t  was i n s t r u c t e d  t o  f i x a t e  on each of  t h e  t h r e e  p o i n t s .  A t  each 
f i x a t i o n ,  t h e  o p e r a t o r  pressed  a switch t o  cap tu re  a d i g i t a l  number related t o  
the  d i s t a n c e  between t h e  co rnea l  r e f l e c t i o n  and t h e  c e n t e r  of  t h e  pup i l .  The 
minicomputer then au tomat i ca l ly  ad jus t ed  t h e  x- and y-output vo l t ages  t o  t h e  
assigned va lues ;  t h u s  t h e  c a l i b r a t i o n  was e s t a b l i s h e d .  
The l i n e a r i z a t i o n  process  is used t o  remove d i s t o r t i o n s  from t h e  output  
da t a  caused by equipment anomalies and by subjec t - to-subjec t  eye v a r i a t i o n s .  
The r e l a t i o n s h i p  between t h e  p o s i t i o n  of  t h e  co rnea l  r e f l e c t i o n  r e l a t i v e  t o  t h e  
pup i l  cen te r  and t o  eye d i r e c t i o n  is approximately l i n e a r  f o r  look ang le s  up 
t o  I O o  o r  20° away from t h e  r e fe rence  l i n e  of  s i g h t .  However, s i g n i f i c a n t  non­
l i n e a r i t i e s  e x i s t  a t  300. These n o n l i n e a r i t i e s  are caused,  i n  p a r t ,  by the  
method used t o  determine t h e  p o s i t i o n  of  t h e  c e n t e r  of  t h e  pup i l  and,  i n  p a r t ,  
by the  geometry of t he  eyeba l l  and t h e  t e s t  se tup .  
N o n l i n e a r i t i e s  are co r rec t ed  i n  t h e  oculometer by polynomial equat ions  
which in t roduce  equa l  and oppos i te  n o n l i n e a r i t i e s .  The fol lowing polynomial 
equat ions  were used f o r  l i n e a r i z a t i o n  i n  t h i s  s tudy:  
xc = a0 + a l x  + a2xy + a3xy2 + a4y ( A I  1 
where xc and yc are t h e  co r rec t ed  va lues  f o r  t h e  lookpo in t s ,  and t h e  terms 




noted i n  oculometer measurements us ing  t e s t  a r r a y s .  . ( A  nominal a r r a y  is shown 
i n  f ig .  13.) Examples of  d i s t o r t i o n  p a t t e r n s  and a s s o c i a t e d  l i n e a r i z i n g  terms 
are shown i n  table 11. 
The c o e f f i c i e n t s  of  these polynomials are chosen by t h e  minicomputer t o  
y i e l d  t h e  minimum root-mean-square ( r m s )  e r r o r  over  t h e  a r r a y  of  f i x a t i o n  test  
p o i n t s .  To u t i l i z e  t h i s  f e a t u r e ,  t h e  s u b j e c t  looks a t  each tes t  p o i n t  i n  f ig­
ure  8 ,  and i ts  f i x a t i o n  va lue  is s t o r e d  i n  t h e  minicomputer memory when t h e  
ope ra to r  moves a switch.  ( A  t y p i c a l  se t  of  measured f i x a t i o n  va lues  is shown 
i n  f i g .  14.) After a l l  t h e  t e s t - p o i n t  f i x a t i o n s  have been s t o r e d ,  t h e  computer 
au tomat ica l ly  a d j u s t s  t h e  l i n e a r i z i n g  c o e f f i c i e n t s  t o  achieve  a minimum r m s  
e r r o r  ( f i g .  15). The l i n e a r i z i n g  c o e f f i c i e n t s  f o r  up t o  n ine  s u b j e c t s  can be 
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TABLE I.- PILOT PATTERN OF M O N I T O R I N G  INSTRUMENTS D U R I N G  I N I T I A L  
LANDING APPROACH I N  DHC-6 TWIN OTTER 
va lues  i n d i c a t e  pe rcen t  t i m e  spen t  on each ins t rument ;  
t o t a l  percentage  does n o t  equa l  100 percen t  of t e s t  time 
because of time spen t  by eye i n  t r a n s i t i o n  between ins t ruments .  
Numbers r ep resen t  number of t r a n s i t i o n s  between ins t ruments .  1 
"From'l ins t rument  
AirspeedI ILS I i n d i c a t o r  
I L S  . . . . . . . . . . . .  68.44% 16 

Airspeed i n d i c a t o r  . . . .  9 5.32% 

A t t i t u d e  i n d i c a t o r  . . . .  8 2 

Altimeter . . . . . . . . .  14 0 

R M I  . . . . . . . . . . . .  1 1 

V S I  . . . . . . . . . . . .  1 0 

Mean dwell  t i m e ,  sec . . .  1.801 0.17 

Standard d e v i a t i o n ,  sec . . 1 2.611 I 0.280 

~~ 
TO'^ ins t rument  
lttitude IAltimeter I R M I  I VSIi n d i c a t o r  
9 7 1 0 
8 1 1 0 
3.32% 9 1 0 
2 3.19% 0 1 
0 0 1.03% 1 
1 0 0 0.25% 
0.110 0.283 0.587 0.025 




T A B L E  11.- EXAMPLES OF D I S T O R T I O N  P A T T E R N S  
AND A S S O C I A T E D  L I N E A R I Z I N G  TERMS 
D i s t o r t i o n  L inear iza t ion  
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O P T I C A L  ILLUMINATION 
TUNGSTEN
I 'SPLITTER LAMP 
-
COLLECTION L1 
VIDEO- TO-O P T I C S  sI L I  CON VInl. C'CN -S I G N A L  PROCESSOKTV CAMERA 
F I X E D  -
Figure  2.- Diagram showing sens ing  u n i t  components. 
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( a )  Eye looking  s t r a i g h t  ahead ( a t  i l l u m i n a t i o n  source ) ;  
co rnea l  r e f l e c t i o n  a t  c e n t e r  of  p u p i l .  
( b )  Eye looking  s t r a i g h t  ahead bu t  l a t e r a l l y  d i sp l aced ;  
c o r n e a l  r e f l e c t i o n  s t i l l  a t  c e n t e r  of  p u p i l .  
( c )  Eye looking  t o  s i d e ;  co rnea l  r e f l e c t i o n  d i sp laced  
h o r i z o n t a l l y  from pup i l  c e n t e r .  
( d )  Eye looking  up; co rnea l  r e f l e c t i o n  d i sp laced  
v e r t i c a l l y  from p u p i l  c e n t e r .  
F igure  4.- R e l a t i v e  	l o c a t i o n s  of  p u p i l  and co rnea l  r e f l e c t i o n s  f o r  
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Figure  6.- Light  i n t e n s i t y  a n a l y s i s  of t y p i c a l  raster l i n e  yn by
s i g n a l  processor .  A, B, C, and D are c o n t r a s t  boundary p o i n t s .  
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Figure  8.- Test a i r p l a n e .  
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Figure 9.- F l i g h t  instruments on cop i lo t  panel. 
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Figure 11.- View of c o p i l o t  ins t rument  panel from l o c a t i o n  
of TV camera. 
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Figure 14.- Coordinates of  t y p i c a l  uncorrected f ixa t ion-poin t  va lues  as 
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Figure 15.- Coordinates of measured f ixat ion-point  values af ter  l i n e a r i z a t i o n .  
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